Geomagnetic field variations have been observed at four stations in the central Gulf of California and at one Pacific coast station at the same latitude. The four Gulf stations comprise two pairs of stations on opposite sides of the Gulf; one pair, at El Barril and Bahia Kino, was placed across what was thought to be a long section of transform fault in the Gulf and the second pair, at Mulege and Guaymas, was placed across the Guaymas basin which is a proposed site of an ocean ridge type spreading centre. Models for 1 chr-l suggest that the surface conductor alone is insufficient to account for the surprisingly large anomaly between El Barril and Bahia Kino. Although only a small number of data points is available it is thought that this anomaly indicates the possible existence of a spreading centre between these two stations. The suggestion is therefore made that the fracture pattern for the central Gulf of California includes a spreading centre at the San Pedro Martir basin. A consequence of this is that the fracture pattern must change with time. No explanation of this changing fracture partern is attempted but its occurrence would account for the presence of the many islands in the Gulf of California.
Introduction
A previous paper by the author (White 1973) described a geomagnetic variation anomaly across the northern Gulf of California. In this paper similar anomalies have been observed on two profiles across the central region of the Gulf. Data presentation and analysis follow the same format as in the previous paper, to which the reader is referred for details. The interpretive approach, and, in particular, the modelling technique is also similar.
Although the results of the northern Gulf profile were thought to indicate that hot upper mantle material may be rising to near surface in local areas along the Gulf 28 Antony White of California-Salton Trough feature, the presence of a large thickness of highly conducting sediments at the surface (whose conductivity was not accurately known) rendered this interpretation somewhat speculative. The present set of observations were made further down the Gulf where the sea water layer is thicker and the sediment layer thinner, so that a more precise knowledge of the conductivity of the surface layer is possible. Utilizing the pattern' of transform faults and spreading centres proposed by Sykes (1968) in the Gulf of California, one pair of stations (one magnetometer on either side of the Gulf) was located across a long section of transform fault with a second pair across the Guaymas basin, a proposed site of a relatively large spreading centre. The object of the experiment was to determine whether or not a part of the expected anomaly (due to the presence of the sea water and sediments of the Gulf) is clearly associated with the proposed spreading centres as the initial profile suggested.
Unfortunately, a lack of funds limited the number of stations and length of recording time rather severely so that only the above mentioned two pairs of stations plus one station at the Pacific coast were occupied. Recordings were also made at La Jolla so that it could be used as a reference base station.
Instruments and observations
The instruments used were four three-component fluxgate GIT-type portable magnetometers manufactured by Sokkisha Ltd of Tokyo. The analogue records were digitized at 2-min intervals. Final accuracy of the dnta is 5 2 nT for the H and D components and 4 1 nT for the Z component, with a maximum timing discrepancy between simultaneously recorded traces of & 30 s. At one station Rustrak chart recorders were used. Accuracy for all components was 2 1 nT at this station.
Three stations in Baja California and two in Sonora, Mexico were occupied, together with the continuously recording base station at La Jolla. Table 1 gives details of the stations and their recordings. A location map in Fig. 1 shows the stations identified by their three-letter abbreviations.
Figs 2 and 3 show a small selection of simultaneously recorded magnetograms for various groups of the stations. Fig. 2 shows magnetograms for the more northerly profile BTG-ELB-BKO. The horizontal field components (H and D) are, as usual, very similar from station to station (the sensitivity of the H component at BTG appeared to vary arbitrarily throughout the experiment and so this component is unreliable-symptoms of this are noticeable in both figures). In the 2 component the traces from the Pacific coast stations LAJ and BTG (top magnetogram of Fig. 2 ) have a basic similarity of form and amplitude. There are, nevertheless, some significant differences and, as will be seen later, they are caused by the differences in the local ocean bathymetry at the two stations. The Z component at ELB, however, is highly anomalous and at frequencies of 1 c hr-I and higher the variations at this station are virtually reversed in direction with respect to those at LAJ and BTG. The diurnal variation is also greatly affected, appearing to be attenuated almost to the point of extinction. At the bottom of the figure magnetograms for the stations LAJ and BKO are shown. The 2 components are once more similar in form and amplitude with some relatively small differences.
Magnetograms for the southerly profile, MLG-GMS (plus LAJ and BTG) are shown in Fig. 3 . A similar pattern emerges; horizontal components are very similar everywhere, while in the 2 component LAJ, BTG and GMS have a bsrsis of similarity but MLG shows anomalous variations like those at ELB (and station SAF in the northern Gulf profile). The severe attenuation of the very long-period variations at MLG is particularly noticeable in the magnetogram for 0400-1800 PST 1971 December 17. Noticeable also in this magnetogram is the absence of very high frequency (greater than 4 c hr-l) variations in Z at BTG. Selected sections of the data were harmonically analysed in the manner described for the northern Gulf data (White 1973) . The sections were usually 12 hr long, some- figures is the result of the analysis of a separate length of data. Thus, six analyses are shown for LAJ, four for BTG, MLG and GMS, three for ELB and two for BKO.
The latter two stations unfortunately did not record much high frequency magnetic field activity during their short times of operation; on the other hand, stations MLG and GMS were fortunate in recording much good data in a shorter time. The scatter of these lines at a particular station gives a good idea of the accuracy of final estimates. Another useful quantity is the residual, R , shown for each station in Fig. 6 . This represents the part of Z which is not coherent with B. If the parameters ZIB and 8 are to be significant they should not only be consistent for the different analyses at each station but should also show small residuals. It is clear from include the influence of very long period variations some of which may be due to temperature effects, physical tilting of the sensing head etc. At 4.0 c hr-' and beyond, R shows an increase at all stations which is undoubtedly due to the decreasing signalto-noise ratio for the data at these frequencies. From Fig. 4 it can be seen that the in-phase part of ZIB increases with frequency at ail stations except BTG where it decreases. At stations BKO and MLG the rate of increase is small, at ELB and GMS it is large. In the out-of-phase parts the interesting stations are ELB and MLG, where the ratio rises to a maximum at 1-0-2.0 c hr-I then falls, and station BTG where the ratio falls to a minimum at 0.5-1.0~ hr-' and then rises. The in-phase parts of the induction angles in Fig. 5 are relatively steady except at stations ELB and MLG which both show an anticlockwise rotation with increasing frequency. The out-of-phase part of the induction angles are all relatively steady except for that at BTG which shows a sudden reversal in direction between 0-5 and 1.0 c hr-1. All this is more easily seen in a pictorial representation of induction arrows in Figs 7 and 8. This useful method of displayingZ/B and 8 combined for various discrete frequencies allows one to visualize the physical process at work. As usual the direction of the in-phase arrow has been reversed. Looking at the Gulf stations first, the general increase in the length of the in-phase arrows with frequency is clearly seen, together with the steady anticlockwise rotation for stations ELB and MLG. This reflects the increasing predominance of the Gulf anomaly over the ocean edge effect as the frequency increases. In view of the shallow water depth between ELB and BKO compared with the deep Guaymas basin between MLG and GMS and the fact that the latter feature is the proposed site of a spreading centre, the anomaly between ELB and BKO appears to be surprisingly large. The induction arrow3 for ELB are consistently as large or larger than those for MLG and those for BKO are almost as large. The out-of-phase arrows, which are more sensitive to surface conductors, point steadfastly away from the Gulf at all frequencies (unlike the in-phase arrows their sign is not reversed). This indicates that a significant induced current flows in the Gulf at all frequencies. The station at BTG is the only Pacific coast station for these two profiles. The induction arrows behave rather differently from a normal ocean edge station (LAJ, for example) because of the presence of a large shallow bay to the north-east (Bahia Sebastian Vizcaino) and a large sedimentary basin to the east (Desierto de Vizcaino). This is demonstrated by the fact that although the in-phase arrow always points towards the deep ocean it steadily reduces in amplitude with increasing frequency as this easterly conductor becomes more significant. The out-of-phase arrows are affected to an even greater degree; at 0.25 c hr-' it appears to be of normal length and direction for an ocean edge station but, as the frequency increases, the length of the arrow sharply decreases in length and abruptly reverses direction whereupon it then increases in length. The effect of the shallow surface conductor composed of the Bahia Sebastian Vizcaino and the Desierto de Vizcaino is quite startling when one considers the proximity of the 2000 fm contour (-3700 m) on the oceanic side of the station.
Mathematical models for the central gulf profiles
A mathematical modelling technique for these anomalies which is based on that of Schmucker (1970) has been developed by Greenhouse, Parker & White (1973) and has been used for the northern Gulf profile (White 1973) . The model, which is two-dimensional, comprises a surface thin sheet of variable total conductivity overlying a semi-infinite perfect conductor (called the supermantle) at depth, the two conductors being separated by an insulator. The most important property of the model is that it allows topography on the surface of the perfect conductor. At present this is limited to single steps or serni-elliptical bumps and their associated families of curves, but by means of the Schwarz-Christoffel transform it would be possible to extend the capability of the model to allow almost any topography. In the Gulf of California geomagnetic time variation studies the basic model comprises a thin sheet conductor (whose total conductivity is modelled from surface conductors of known extent) overlying a flat supermantle. Subsequent models which attempt to fit the data usually incorporate one of the family of curves generated by a semi-elliptical bump in the supermantle underneath the Gulf. A bump of suitable dimensions combined with the surface conductor of the Gulf water and its sediments is sought which best fits the anomalous Z / B ratios found on either side of the Gulf. The need for, or lack of the need for, a bump on the supermantle surface is interpreted in terms of hot mantle material rising up towards the surface at the proposed sites of spreading centres along the Gulf. Sykes (1968) proposes a pattern of spreading centres separated by en echelon transform faults down the Gulf based on the bathymetric survey and chart of Rusnak, Fisher & Shepard (1964) . The spreading centres ('tensional features ') are associated with closed bathymetric basins such as the Guaymas basin. In the present case only (Fig. 9) . Full circles are observed values, curves are computed models. Both models use a surface ' thin sheet ' of variable conductivity which is illustrated at the bottom of the figure in equivalent kilometres of sea water (vertical exaggcration 20:l). Model A is the basic model and uses a fiat supermantle at 160 km depth. Model A' uses the supermantle as shown in the figure (no vertical exaggeration).
two or three stations were occupied on each profile so that a rigorous attempt to fit models to the available data points is not justified. It is, however, both relevant and useful to look at the basic (flat supermantle) model in order to observe whether or not the anomaly is due to the surface conductors alone. In Fig. 9 some of the relevant geologic and tectonic features are shown. The Gulf is very long and narrow and its strike closely parallels the continental shelf edge of the Pacific Ocean for the whole length of the Baja California Peninsula. This and the fact that the induction arrows of Figs 7 and 8 are, for the most part, directed at right angles to the strike of the Gulf justifies the use of a two-dimensional model. The model for each profile is taken at right angies to the Gulf and passes through the stations concerned. Profile AA' passes through stations BTG-ELB-BKO and profile BB' through stations MLG-GMS as drawn in Fig. 9 . The surface conductor is composed of the sea water and sediment. conductivity and, f x convenience, is expressed in equivalent kilometres of sea water (average conductivity 3.3 ZZ-' m-'). Estimates of the thickness of the Gulf sediments were based on the seismic profiles of Phillips (1964) . Sediment thickr,esses in the Bahia Sebastian Vizcaino were based on the profiles shown by . Unconsolidated sediments (seismic velocity approx. 2.7 km s-l) were ascribed an electrical conductivity of 1 0-' m-' and consolidated sediments (velocity approx. 4-0 km s-l) a value of 0.3 t2-l m-'. (Fig. 9) is shown in equivalent kilometres of sea water (vertical exaggeration 20:l).
Model B is the basic model and uses flat supermantle at 160 km. Model B' uses supermantle as shown (no vertical exaggeration).
total conductivity is not as great as in the northern Gulf profile (White 1973) and in the MLG-GMS profile is barely significant. The crystalline rocks of the Baja California Peninsula (see Fig. 9 ) are essentially insulators but a total conductivity equivalent to 0-02 km of sea water is ascribed to them. This is not a significant factor of the models. Models for both profiles for a frequency of 1 c hr-' are shown in Figs 10 and 11. In both cases the solid curve in the basic model (denoted by A in Fig. 10 and B in Fig. 11 ) with the supermantle flat at 160km depth (from Schmucker 1970) . The surface ' thin sheet ' conductor is also shown (with some vertical exaggeration). For profile AA' in Fig. 10 the basic model (model A) and the observed data points for the out-of-phase part are reasonably compatible (image current phase compensation has been included as was done for the northern Gulf profile). This indicates that the surface conductor has been modelled fairly accurately. For the in-phase part the observed values for ELB and BKO are very much larger than is indicated in the basic model. This strongly suggests that this anomaly cannot be accounted for solely in terms of the surface conductors. The anomaly is, in fact, very similar to that across the northern Gulf of California profile (White 1973) where a model which included a bump in the supermantle under the Gulf gave a considerably improved fit to the data. It is therefore reasonable to assume that a similar modification of the basic model would be fruitful in the present case but, because so few data points are available, model A' (dashed line) in Fig. 10 is presented only as a most preliminary attempt. This model incorporates a bump in the supermantle as shown in the lower half of the figure and its success in causing the model curve to deviate towards the in-phase observed values indicates the possible existence of a good conductor beneath this part of the Gulf. The basic model for profile BB' (Fig. 11) shows that the great depth of water between the two stations MLG and GMS accounts for a large part of the anomaly. Because the Guaymas basin is the proposed site of a spreading centre, model B' (dashed line), which uses a bump in the supermantle as shown in the lower part of Fig. 1 1, is also presented in order to give some idea of the effect that the bump produces. It can be seen that the available data points are compatible with either model.
Discussion
The size of the anomaly obtained on the ELB-BKO profile is contrary to the expectation expressed in the introduction. Sykes (1968, Fig. 17) shows no spreading centre between the Guaymas basin to the south of the profile and the Dellin basin which is north of Isla Angel da la Guarda (see Fig. 9 ), although his drawing of the transform faulting between these two basins shows a significant change in direction just south of the profile. The expectation was as follows: assuming that stations ELB and BKO are situated well away from the proposed spreading centres at the Delfin and Guaymas basins then there should be no significant upwelling of hot mantle material between the two stations since motion along a transfora fault is a lateral slidmg motion not involving significant separation of the tectonic platss. It follows that any anomaly in geomagnetic time variations should be due to the surface conductor (sea water and sediments) alone, and that in the present case this anomaly should be relatively small. On the other hand, the Guaymas basin is the proposed site of a large spreading centre which should therefore be associated with a significaiit upwe!ling of :nzntle material. Because of the close association between electrical conductivity and temperature, hot upper mantle material is expected to be a good electrical conductor. The anomaly at stations MLG and GMS should therefore be significalitly larger than at stations ELB and BKQ.
While the evidence of the previous section does not necessarily confirm (or deny) the existence of an upwelling of hot upper mantle material underneath the Guaymas basin (modelled by the bump in the supermantle surface) there is a strong suggestion that such an occurrence be postulated in order to account for the unexpectedly large anomaly between ELB and BKO. This is indicated by the relative success of model A' (Fig. 10) for the profile ELB-BMQ. Given the present state of the observational data it is unjustifiable to further modify the basic model beyond this preliminary stage. It is unfortunate that so few stations could be occupied; as with the northern Gulf profile it wodd have been profitable to have establisCed a sequence of stations across the Baja Peninsula since it is in this region that the greatest difference between models A and A' occurs. This is also true of the MLG-GMS profile.
Nevertheless, on the evidence that is available, it is suggested that a spreading centre exists in the Gulf between ELB and BKO and that it is associated with the trio of small bathymetric basins of which the largest is the §an Pedro Martir basin. A new fracture scheme for the central Gulf of California is suggested in Fig. 12 . In this scheme the en echelon transform faults are allowed to maintain paralie1 strike. The placing of a spreading centre at the San Pedro Martir basin necessitates that at some time in the past transform faulting occurred to the east of Isla San Lorenzo. In other words, the pattern and distribution of transform faulting has not necessarily been a unique and constant scheme but has changed with time so that fractures occur now here, now there, depending, presumably, upon a combination of many factors. This philosophy is in agreement with that of Atwater (1970) who has suggested that 4-5 My ago the line of fracture between the American and Pacific plates lay totally to the west of the present B2ja California Peninsula. Why the lines of fracture should change from time to time is not easy to explain but it would account for the presence of the many islands in the Gulf. Isla Angel de la Guarda, for example, could conceiv-
